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We report neutron scattering and AC magnetic susceptibility measurements of the 2D spin-1/2
frustrated magnet BaCdVO(PO4)2. At temperatures well below TN ≈ 1K, we show that only 34% of
the spin moment orders in an up-up-down-down strip structure. Dominant magnetic diffuse scatter-
ing and comparison to published µsr measurements indicates that the remaining 66% is fluctuating.
This demonstrates the presence of strong frustration, associated with competing ferromagnetic and
antiferromagnetic interactions, and points to a subtle ordering mechanism driven by magnon inter-
actions. On applying magnetic field, we find that at T = 0.1 K the magnetic order vanishes at 3.8
T, whereas magnetic saturation is reached only above 4.5 T. We argue that the putative high-field
phase is a realization of the long-sought bond-spin-nematic state.
PACS numbers: 64.70.Tg, 75.10.Jm, 75.10.Kt, 75.25.-j, 75.40.Cx, 75.40.-s
In the search for new states of matter, the realiza-
tion of a spin-nematic state — a quantum version of
a liquid crystal — has proved an enduring but elusive
goal [1]. Of particular interest is the bond spin nematic
(BSN), believed to exist in spin–1/2 materials with com-
peting ferromagnetic (FM) and antiferromagnetic (AFM)
interactions [1, 2]. This state is remarkable in that it
combines the long–range entanglement characteristic of
a quantum spin liquid [3–6], with a nematic order that
breaks spin–rotational symmetry, while preserving both
translational– and time–reversal symmetry [1, 2]. As a
consequence, the BSN state does not produce a static
internal magnetic field, making it difficult to observe in
experiment [5, 7–9]. Nonetheless, there is now a well–
established scenario for BSN order ocurring through the
condensation of bound pairs of magnons in high magnetic
field [2, 10–21], cf. Fig. 1, and a number of promising
candidate materials where this may occur [22–26].
Of particular note is BaCdVO(PO4)2, one of a family
of square–lattice, spin–1/2 vanadates [27–32]. Early mea-
surements of the heat capacity identified a phase transi-
tion with TN ≈ 1 K, for fields H ≤ 3.5 T, while the mag-
netization was found to saturate for a field H >∼ 4 T [31].
These results were interpreted in terms of a model with
1st–neighbor exchange J1 ≈ −3.6 K and 2nd–neighbor
exchange J2 ≈ 3.2 K [31], for which the low–field ordered
state would be a canted AFM with propagation vector
qsq = (1/2, 0) [33–35]. Subsequent thermodynamic mea-
surements have extended the magnetic phase diagram
of BaCdVO(PO4)2, filling in the gaps at high field, and
identifying a new low–temperature phase bordering the
saturated state [36], precisely where one might expect
a BSN to occur [2, 10, 14–16, 18–21]. This is an ex-
citing development, since the range of fields involved,
4 <∼ H <∼ 5 T [36], is much lower than in other can-
didate systems [22–25], making it accessible to a wider
range of experimental techniques. Despite this progress,
the nature of the low–field phase in BaCdVO(PO4)2, the
form of its magnetic interactions, and the possibility of a
BSN in high field, all remain open questions.
In this Letter we use a combination of neutron scatter-
ing and AC susceptibility measurements to determine the
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2FIG. 1: Simplest generic phase diagram of 2D spin-1/2 frus-
trated magnets with competing ferromagnetic (FM) and antiferro-
magnetic (AFM) interactions (ratio r, maximal frustration at rmax)
and applied magnetic field (H), showing paramagnetic (PM), bond
spin nematic (BSN) and canted AFM phases [2, 10, 14–16, 18–
21]. The probable location of BaCdVO(PO4)2 is indicated. (Inset)
H = 0, up-up-down-down spin ordering of BaCdVO(PO4)2 within
a quasi-2D V layer, along with the simplest consistent magnetic
exchange pattern, which has FM J1 (red bonds), AFM J2 (green
bonds) and AFM J3 (black bonds) Heisenberg interactions.
magnetic behavior of BaCdVO(PO4)2 for fields ranging
from H = 0 to the saturated state for H >∼ 4.5 T. We
identify the ground state in zero field as an AFM with un-
usual “up–up–down–down” order and small ordered mo-
ment, providing evidence both for strong frustration, and
for interactions beyond a simple J1–J2 model. We track
the evolution of this state up to a field of Hc = 3.8 T,
where the associated Bragg peaks vanish. No new Bragg
peaks appear at low temperature for H > Hc, indicating
that there is no new magnetic order. Nonetheless, the
magnetization does not saturate, and AC susceptibility
measurements reveal significant spin fluctuations, up to a
field Hsat >∼ 4.5 T. When combined with published ther-
modynamic measurements [31, 36], these results make a
strong case for the existence of a BSN in BaCdVO(PO4)2,
in the field range 3.8 T < H <∼ 4.5 T.
Experimental details: A powder sample of
BaCdVO(PO4)2 was prepared as described in [31].
Since Cd is strongly absorbing neutrons, the isotope
114Cd was used, with σabs = 0.34 barns as opposed to
2520 barns for natural Cd. The phase purity of the
resulting powder was confirmed by x-ray diffraction
using a D8 Advance Bruker AXS diffractometer. The
AC susceptometer consists of a primary excitation coil
wound onto a high purity single crystalline sapphire
tube. A balanced pair of secondaries detect the sample
signal. The sample was enclosed in a silver can and
measurements were taken at a frequency of 120 Hz,
down to T = 0.2 K and up to H = 6 T. The energy
integrated (−12meV < E < 9meV) magnetic signal
was measured with polarized neutrons on D7, ILL,
enabling the measurement of the magnetic structure
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FIG. 2: Magnetic scattering in BaCdVO(PO4)2, as measured by
neutrons at H = 0 and at T = 0.1 K. Rietveld refinement is shown
as a solid black line, with the most important peaks indexed. (a)
D7 data showing purely magnetic scattering can be split into sharp
magnetic peaks (red shading) and a diffuse background associated
with the disordered component of the magnetic moment (green
shading). Analysis shows that only 34% of the magnetic moment
orders. (b) Elastic line of IN5 data allows access to lower Q values.
Scattering at higher temperature has been subtracted, yielding the
purely magnetic long range order.
factor S(Q), where Q is the momentum transfer. Due
to the low energy scale associated with magnetism in
BaCdVO(PO4)2, the measurements capture the full
spectral energy range [31, 32]. The IN5 instrument at
ILL was also employed, with a dilution unit and λ = 8 A˚,
in order to reach lower Q reflections. Integration of the
measured S(Q,ω), where ω is the energy transfer, was
performed over an energy window of 0.01 meV (elastic
line). In-field experiments were also performed, with
the DMC (PSI) and MIRA (FRM-II) [37] instruments,
equipped with dilution units and vertical magnets up to
6 T.
Magnetism at H = 0: To probe the H = 0 mag-
netism of BaCdVO(PO4)2, neutron scattering was per-
formed at T = 0.1 K and 1.5 K with two complementary
instruments. The XY Z polarization analysis available
on the D7 instrument allowed the purely magnetic part
of S(Q) to be measured, including the disordered com-
ponent, with the results shown in Fig. 2(a). Since D7
was limited to Q > 0.5 A˚
−1
, IN5 measurements were
also performed to access down to Q > 0.1 A˚
−1
. The
elastic structure factor S(Q,∆E = 0) was extracted and
is shown in Fig. 2(b), by subtracting the scattering at
higher temperature (0.1 K – 1.5 K).
Indexing of the magnetic Bragg peaks shows that the
3magnetic propagation vector is Q = (0, 1/2, 0) in the
crystallographic unit cell of 8 vanadium ions (2× 2× 2).
Translating this propagation vector into the theoreti-
cal language of the square lattice of V ions, one finds
qsq = (0, 1/4), where qsq is defined relative to an ideal-
ized 1-site unit cell. Thus our samples do not realize the
columnar qsq = (0, 1/2) magnetic order that was previ-
ously proposed from fitting high-temperature series ex-
pansions of a J1-J2 Heisenberg model to magnetic suscep-
tibility measurements [31] and assumed thereafter [36].
In fact the propagation vector is incompatible with any
of the phases of the J1-J2 Heisenberg model that have
previously been assumed [31, 38–41].
The D7 instrument measures both the ordered and dis-
ordered components of the magnetic moment. As shown
in Fig. 2a), only a small fraction of the magnetic moment
gives rise to sharp magnetic peaks (red shaded area),
while the majority gives rise to broad diffuse scattering.
Analysis of the ratio shows that 34% of the total mag-
netic moment orders, a remarkably small fraction. It is
not a priori clear from neutron scattering whether the
remaining 66% is frozen or fluctuating. However, previ-
ously published µsr measurements lend strong support to
it being dynamic [38]. Muon experiments at T = 0.35 K
show oscillations consistent with the presence of an or-
dered moment, but there is also a non-zero, temperature-
independent longitudinal relaxation rate for T < TN,
demonstrating persistent spin fluctuations at low tem-
peratures [38, 42].
The most obvious origin of a large fluctuating moment
at T  TN in a quasi-2D material is magnetic frustra-
tion. This is confirmed by published susceptibility mea-
surements, which show that both the Curie-Weiss tem-
perature, θCW, and TN, are low compared to the magnetic
energy scale of the system (temperature of the suscepti-
bility maximum) [31]. This implies that the material has
competing FM and AFM interactions, and our neutron
measurements show that this frustration results in large
quantum fluctuations at low-temperature.
In order to determine the magnetic structure, the pos-
sible magnetic space groups and moment directions were
determined using the MAXMAGN program on the Bil-
bao crystallographic server [43, 44]. Fitting the experi-
mental data to the four resulting possibilities according
to the standard Rietveld refinement procedure [45] yields
Pbna21 as the best solution. There is a very good fit to
the data for spins parallel to the a axis, with the structure
shown in Fig. 3. This is consistent with measurements
of an anisotropic magnetic susceptibility [36]. However,
due to the relatively small number of peaks, we cannot
definitively exclude the possibility that there is a small
component of the moment parallel to the b or c axes.
The ordered moments form an up-up-down-down struc-
ture propagating along the b axis, with an ordered mo-
ment µa = 0.34(3)µB (assuming pure spin-1/2). In the c
direction the spin patterns in neighboring ab planes are
FIG. 3: Magnetic structure of BaCdVO(PO4)2 as determined by
neutron diffraction. The V4+ ions form a distorted square lattice
with ordered moments along the a direction. a) shows a general
view and b) the ab square–lattice plane. The different spin colors
differentiate between moment directions. The structural unit cells
are shown as solid-line boxes/squares.
shifted with respect to one another by one lattice site, as
a consequence of the magnetic symmetry.
The magnetic structure provides information about the
magnetic Hamiltonian. The up-up-down-down stripe ar-
rangement in ab planes shows that BaCdVO(PO4)2 is not
described by the previously discussed J1-J2 Heisenberg
model [31, 38–41]. In fact, while somewhat related struc-
tures have been proposed in various contexts, including
3He on an fcc lattice, where multiple ring exchange inter-
actions are important [46], J1-J2 spin-1/2 chains, where
it can be stabilized by Ising anisotropy [47] and in the dis-
torted spinel GeCu2O4 [48], the structure remains quite
unusual. The collinear (rather than spiral) nature of the
spins points to the importance of quantum effects.
The simplest Hamiltonian consistent with the up-up-
down-down structure and the isotropic nature of the ex-
change interactions in vanadates [41], is the square-lattice
J1-J2-J3 Heisenberg model with FM J1 and AFM J2 and
J3 (see Fig. 1). While a classical analysis of the model
does not yield an up-up-down-down phase, exact diago-
nalization studies show that for spin-1/2 such a phase is
stabilized by quantum fluctuations [15, 16]. This occurs
in a region of the phase diagram where J2 +J3 is compa-
rable to J1, in accord with the finding of a small θCW. The
lack of classical stability of the ordering pattern means
that it is not understandable within the non-interacting-
magnon approximation of linear spin-wave theory, but
is instead dependent on strong magnon-magnon inter-
actions. Understanding this subtle type of frustration-
driven order is an interesting topic in itself. However,
the most interesting feature of the model is that on ap-
plying magnetic field, a spin-nematic phase is formed,
due to a strong binding energy between magnons [15].
H-T phase diagram: In order to understand the behav-
ior of BaCdVO(PO4)2 in an applied magnetic field, field
dependent neutron diffraction and AC magnetic suscep-
4FIG. 4: H − T phase diagram of BaCdVO(PO4)2 as determined
by neutron scattering and AC magnetic susceptibility measure-
ments. a) At low temperature a powder-averaged spin-flop transi-
tion at H ≈ 0.44 T (circles) separates low-field (AF1) and interme-
diate field (AF2) regions. The field-induced transition out of AF2
at low-T takes place at Hc ≈ 3.76 T (squares), below the formation
of a fully polarized state at Hsat ≥ 4.5 T (lower bound, triangles).
In between lies a non-magnetic region (NM). At T ≈ 1 K the
AF phase transitions into a paramagnet (PM, star symbols taken
from [31]). b) Individual H scans from which the phase diagram
is deduced. c) Field dependence of the Q = (0, 1/2, 0) magnetic
reflection at T = 0.1 K (circles) and integrated AC susceptibility
(blue line). Hc = 3.78(4) T is determined from a power law fit to
the neutron data, while Hsat ≥ 4.5 T is the lower bound given by
integrated AC susceptibility. (d) Ordered (red), polarized (blue)
and fluctuating (black) components of the magnetic moment.
tibility measurements were performed and used to map
out the phase diagram shown in Fig. 4(a).
Neutron diffraction was used to measure the field-
dependent intensity of the Q = (0, 1/2, 0) reflection at
T = 0.1 K, with the results shown in Fig. 4c. At low
field the measurements show an increasing peak intensity
with increasing magnetic field (Fig. 4c). This is related
to an observed re-entrant behavior in which TN initially
increases with field (Fig. 4a). Reentrance of this type is
a sign of strong frustration-induced moment suppression
[35, 49].
The most important finding of the neutron measure-
ments is that the Q = (0, 1/2, 0) magnetic reflection dis-
appears at Hc = 3.8 T, and no new magnetic reflections
appear for higher field. Thus there is no magnetic long-
range order for H > Hc.
The neutron diffraction measurements can be com-
pared to field-dependent AC susceptibility measure-
ments, performed for temperatures 0.2 K< T <2.0 K,
shown in Fig. 4b. The low temperature data shows an
anomaly at H = 0.44 T, attributed to a spin-flop tran-
sition driven by a small exchange anisotropy. The main
peak at Hc ≈ 3.8 T, provides excellent corroboration of
the phase transition observed in neutron scattering. The
close agreement can be excluded to be a fortuitious re-
sult of powder averaging, due to the small critical-field
anisotropy observed in themodynamic measurements of
single crystals [36]. For H >∼ Hc the AC susceptibil-
ity signal remains strong, an inconsistent behavior for a
fully polarized magnetic moment. Instead the fading out
of the AC susceptibility that signals the onset of full po-
larization has a conservative lower bound of Hsat ≥ 4.5
T, and could be as high as 5 T.
Taking these results together allows the magnetic mo-
ment to be split into three components, as shown in
Fig. 4d. The first is the ordered Q = (0, 1/2, 0) compo-
nent, which is revealed by neutron scattering to account
for 34% of the total at H = 0 and disappear at Hc = 3.8
T. This has been fitted with a power law in the region
H > 2.5 T (Fig. 4c). The second is the polarized Q = 0
component, which can be determined from integration
of the AC susceptibility. The validity of this integra-
tion procedure is due to the vanishingly small imaginary
component of the AC susceptibility (not shown). The re-
mainder of the moment fluctuates over all Q and ω and
can be determined from what remains once the ordered
and polarized moments have been taken into account. It
can be seen in Fig. 4d that, starting at H = 0, the fluc-
tuating component steadily decreases with increasing H,
before suddenly jumping at H = Hc and then gradually
fading out with increasing field. This is exactly what is
expected for a spin-nematic state.
In conclusion, bringing together many different strands
of evidence shows that BaCdVO(PO4)2 is a quasi-2D
spin-1/2 magnet with competing ferromagnetic and an-
tiferromagnetic interactions. The resulting frustration
drives strong quantum fluctuations around the low T ,
H = 0 up-up-down-down ordered structure, leading to
a remarkably small ordered moment. Application of
magnetic field fully suppresses the ordered moment at
H = 3.8 T. No new magnetic ordering is detected for
H > Hsat, despite full polarization not occurring until
Hsat > 4.5 T. Instead, the non-polarized component of
the magnetic moment fluctuates in Q and ω. Taken to-
gether, these results are strongly suggestive of a spin-
nematic state in the region Hc < H < Hsat. Definitive
confirmation of the existence of a nematic state is likely
to require probing the dynamic response of the material
within the high-field phase [7–9].
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